The de novo synthesis of long-chain saturated fatty acids proceeds by the following over-all reaction:
The de novo synthesis of long-chain saturated fatty acids proceeds by the following over-all reaction:
Acetyl-CoA + 7 malonyl CoA + 14 TPNII + 14 H+ --palmitate + 14 TPN+ + 8 CoA + 7 C02 + 6 H20. (1) The fact that the Coenzyme A intermediates of the 3-oxidation pathway are not intermediates ill the synthesis of fatty acids from malonyl CoA in several systems,1-in addition to the finding by Lynein2 4 that the product of the condensation of acetyl CoA and malonyl CoA is protein-bound acetoacetate in the yeast synthetase suggested that all of the intermediates in fatty acid synthesis might be proteinbound. As shown by Goldman et al.,5-7 the product of the condensation of acetyl CoA and malonyl CoA in the E. coli system is acetoacetate which is bound to a heatstable protein in thiolester linkage. This protein has been called Enzyme II in earlier publications. In the presence of TPNH and a crude E. coli fraction, acetoacetyl-Enzyme II is converted to butyryl-Enzyme II.7 'Furthermore, both of these compoumids are enzylnatically converted to long-chain fatty acids and therefore have been proposed as intermediates in long-chain fatty acid synthesis. 6' This heat-stable protein was first discovered in extracts of C. kluyveri8 and has since been studied in extracts of E. coliP-7 9-14 and avocado.15 Recent experiments using this purified heat-stable protein suggest that it has a unique function as the high-energy acyl carrier protein for all the intermediates of fatty acid synthesis. For this reason, the name ACP (Acyl Carrier Protein) is suggested for this protein, formerly called Enzyme II.
The E. coli synthetase now has been fractionated into several purified fractions. Studies with these fractions suggest the following series of reactions as the mechanism of fatty acid synthesis in E. coli: 
The product of reaction 7, butyryl-S-ACP, then reacts with another mole of malonyl-S-ACP (reaction 4) to form f3-ketohexanoyl-S-ACP. Thus the process is repeated until palmitate is formed and finally liberated from ACP. This paper deals with the purification of ACP, its physical properties, and the nature of its substrate binding site. A detailed description of reactions 2-7, each of which has been demonstrated in the E. coli system, is in preparation. 16
Materials and Methods.-Acetyl CoA and malonyl CoA were synthesized as described previously.'7' 18 An Hfr mutant of E. coli, strain K-12, was grown as described previously."1 DEAE cellulose was purchased from Brown Paper Co.; Coenzyme A from Pabst Laboratories; and C'4-bicarbonate, 2-C14-malonic acid, and 1-C14-acetic anhydride from the New England Nuclear Co. Pepsin 2 X crystallized was obtained from Worthington Biochemical Co.
Purification of ACP: The assay used in the purification is the C1402-malonyl CoA exchange reaction described previously.10 About 1-2 kg of washed E. coli cells were suspended in 30 1 of 0.01 Ak triethanolamine-HCl, pH 7.5 containing 0.01 M 2-mercaptoethanol. The suspension was heated to 80°C with constant stirring and after 5 min was cooled rapidly. The precipitate was removed by centrifugation in a Sharples centrifuge and discarded. The supernatant solution was then acidified with HCl to a final concentration of 0.1 N. The acid precipitate, which contained the ACP, was harvested in the Sharples centrifuge and dissolved in 500 ml of 0.05 At phosphate buffer, pH 7.0, containing 0.01 M 2-mercaptoethanol. The protein concentration was adjusted to 15 mg/ml and 0.5 vol 5% streptomycin was added. After centrifugation at 37,000 X g for 20 min, the precipitate was discarded, and the supernatant was diluted 10-fold with 0 Physical properties: Velocity sedimentation was carried out in the Spinco analytical ultracentrifuge using an artificial boundary cell and schlieren optics. Diffusion studies also were carried out in the ultracentrifuge using an artificial boundary cell with interference optics. The molecular weight of the protein was determined from these data, assuming a partial specific volume of 0.73 gm/ml. Starch gel electrophoresis was performed at several protein concentrations in 0.05 M Na glycinate buffer at pH 8.7. The electrophoresis was run for 4 at 30'C for 10 min. To 0.5 ml of this solution 5 -y of purified malonyl transacylase and 70 jmoles of imidazole-HCl, pH 6.2, were added, and the volume was adjusted to 0.7 ml. The same additions plus 2 .~moles of 2-C'4-malonyl CoA (0.4 jsc/,umole) were made to the other 0.5 ml. After incubation at 30'C for .5 min, 0.1 ml of 10%l perchloric acid was added to both tubes. After centrifugation, the precipitates were washed with 5%c perchloric acid until there was no radioactivity or sulfhydryl material in the supernatant (4 washes). The precipitates were dissolved in 0.02 M KPO4, pH 7.0, and the sulfhydryl content was determined immediately. An aliquot was counted in a liquid scintillation counter. Protein recoveries, in each case, were greater than 90%. The sample to which radioactive malonyl CoA had been added was reprecipitated with 10% perchloric acid. Less than 3%;> of the total radioactivity was solubilized by this reprecipitation indicating that the malonate was covalently bound to ACP. PROC. N. A. S.
Experiments designed to study the binding of 1-C14-acetate from acetyl CoA were performed in the same manner as the malonate experiment. A solution containing 0.23 /Amole (2.4 mg) of ACP, 20 jmoles of tris-HCl, pH 8.2, and 20 jAmoles of 2-mercaptoethanol in 1.0 ml was incubated as above. This solution was divided, and 125 -y of purified fatty acyl transacylase and 70 M&moles of imidazole-HCL were added to both tubes. One jumole of 1-C14-acetyl CoA was added to one of the tubes. After 60 nin at 3000 the reaction mixtures were treated as above. There was no detectable sulfhydryl material in the fatty acyl transacylase fraction after it had been acid-precipitated and redissolved. Most of this protein was denatured by the acid treatment. Thus, all of the sulfhydryl groups measured were sulfhydryl groups of ACP.
Hydroxamates: The products of the above reactions (2-C'4-malonyl-S-ACP and I-C14-acetyl-S-ACP) were converted to their corresponding hydroxamates by the following procedure. Twenty umloles of neutral hydroxylamine were added to an aliquot containing 1.5 mumoles of 2-C14-inalonyl-S-ACP (0.4 Muc/;&mole), and the mixture was incubated at room temperature for 1 hr.
Crystalline authentic malonyl hydroxamic acid (2 ,umoles) was added to the reaction mixture as carrier. Dowex-50 H+ was added to precipitate the protein and to adsorb the imidazole. The hydroxamates in the supernatant solution were chromatographed on Whatman #1 paper in two solvent systems: (a) pyridine: isobutanol: water (1: 1: 1) and (b) n-butanol: water (100: 18). The paper was sprayed with ferric chloride reagent23and counted in a Vanguard strip counter. Identical experiments were carried out using the product of the acetate binding experiments and authentic acetyl hydroxamic acid.
Protein hydrolysis: Samples of enzymatically prepared 2-Cl4 malonyl-S-ACP and 1-C'4-acetyl-S-ACP (0.1-0.2 jmole/experiment) were dialyzed in 5% formic acid overnight and then treated with 5% pepsin for 14 hr at 370C. Two dimensional peptide maps were prepared by the method of Katz et al. ' 4 These were stained with ninhydrin, and radioautographs were made. Radioactive spots were eluted with 1% acetic acid and hydroxamates were prepared as above.
Results.-Criteria of purity: The elution pattern of the 410-fold purified ACP from DEAE Sephadex is shown in Figure 1 . There is a single protein peak with constant specific activity throughout the peak. Starch gel electrophoresis of the protein disclosed a single protein band. In some cases there was a faint second band which may represent oxidized ACP. A single symmetrical peak was obtained during sedimentation in the analytical ultracentrifuge (Fig. 2) . These data are all consistent with the conclusion that the protein is essentially homogeneous.
Physical properties: The sedimentation constant, S2oW = 1.44, was determined in 0.4 M KCl to minimize the charge effect in the case of this highly acidic protein.
The diffusion constant, D20,w = 13.5 X 10-7| cm2 sece, was determined in an artificial boundary cell, and the result was obtained by extrapolation to infinite time. The molecular weight calculated from the sedimentation and diffusion studies is 9,750. The minimum molecular weight calculated from the amino acid analysis is 9,488. Amino acid analysis: The results of a single amino acid analysis are given in Table 2 . There is one cysteine/mole of protein and no cystine. The value for cysteine was about 10 per cent lower than that for the other amino acids pres- (Tables 3 and 4) is fortuitous as there is no evidence that there are two separate sulfhydryl sites. Experiments, to be described elsewhere,"6 show that the sulfhydryl of ACP is quantitatively acylated by reaction with diketene to form acetoacetyl-S-ACP. In the presence of purified reductase and TPNH, the chemically prepared acetoacetyl-S-ACP is quantitatively reduced to f-hydroxybutyryl-S-ACP (reaction 5). This indicates that all of the sulfhydryi groups are equivalent as tested in a specific enzymatic reaction. The finding that both malonyl and acetyl residues bind to the same sulfhydryl site poses a problem in explaining the mechanism of the condensation reaction. Previously proposed mechanisms assumed that both acyl groups were bound to separate sites on ACP. The possibility is not excluded that one of these substrates initially acylates an adjacent amino acid such as histidine which would normally function as the second site. Secondary migration to the sulfhydryl site or steric blocking of the sulfhydryl site would then account for these experimental results. A more likely explanation, since acetyl-S-ACP and malonyl-S-ACP condense directly (reaction 4), is that 2 moles of ACP are required for the condensation reaction. In this mechanism the acetyl group and malonyl group are bound as thiolesters to separate molecules of ACP. Results of experiments supporting this hypothesis will be reported in a future publication. 16 The availability of substrate quantities of pure ACP has allowed chemical synthesis of each of the acyl-S-ACP intermediates listed in reactions 2-7. Thus substrates now are available for study of each reaction independently. Partially purified enzymes that catalyze these reactions have been isolated. These reactions suggest that fatty acid synthesis in E. coli occurs with the substrates bound as thiolesters to ACP. Thus, Coenzyme A esters are not involved in this pathway after the transacylation steps (reactions 2 and 3). Reactions 4-7, demonstrated with CoA, pantetheine, and N-acetyl cysteamine esters in the past,2 25 reflect a lack of specificity of the enzymes which normally utilize the acyl-S-ACP compounds. These esters can be considered model compounds in these reactions.
The general significance of this protein is indicated by the fact that ACP from E. coli has been shown to function in the avocado fatty acid synthetase by Overath and Stumpf.1 Further, experiments by Brodie et al. 26' 27 indicate that proteinbound acetoacetate may be an intermediate in 6-hydroxy-3-methylglutarate synthesis in liver. Possible involvement of ACP in this pathway is being investigated.
